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Summary
Thespindle is a fusiformbipolar-microtubule array that
is responsible for chromosome segregation during
mitosis [1–4]. Focused poles are an essential feature
of spindles in vertebrate somatic cells, and pole focus-
ing has been shown to occur through a centrosome-in-
dependent self-organization mechanism where micro-
tubulemotors cross-link and focusmicrotubuleminus
ends [4–11]. Most of our understanding of this mecha-
nism for pole focusing derives from studies performed
in cell-free extracts devoid of centrosomes and kineto-
chores [5, 7, 9, 10]. Here, we examine how sustained
force from kinetochores influences the mechanism of
pole focusing in cultured cells. We show that the mo-
tor-driven self-organization activities associated with
NuMA (i.e., cytoplasmic dynein) and HSET are not nec-
essary for pole focusing if sustained force fromkineto-
chores is inhibited in Nuf2- or Mis12-deficient cells.
Instead, pole organization relies on TPX2 as it cross-
links spindle microtubules to centrosome-associated
mitotic asters. Thus, both motor-driven and static-
cross-linking mechanisms contribute to spindle-pole
organization, and kinetochore activity influences the
mechanism of spindle-pole organization. The motor-
driven self-organization of microtubule minus ends at
spindle poles is needed to organize spindle poles in
vertebrate somatic cells when kinetochores actively
exert force on spindle microtubules.
Results
To determine whether spindle-pole organization is sen-
sitive to kinetochore activity, we examined spindle
morphology in human cells deficient in the kinetochore
protein Nuf2 after perturbation of the pole-focusing
activities of NuMA and HSET. The stability of Hec1, a
conserved component of the Nuf2-containing Ndc80
complex, depends on Nuf2 [12, 13]. Thus, diminution
of Hec1 signal on immunoblots and staining in cells ver-
ifies efficient Nuf2 RNAi in transfected human U2OS
cells (Figures 1A and 1B). Nuf2-deficient mitotic cells
lack stable kinetochore-microtubule attachments [12, 13]
but build mitotic spindles that typically (>95%; n = 86)
have two focused poles (Figure 1A) [12–14]. In contrast,
cells that enter mitosis after injection of antibodies to
NuMA and HSET fail to focus microtubule minus ends
at spindle poles (Figure 1A) despite formation of stable
kinetochore-microtubule attachments [15]. We use
*Correspondence: duane.a.compton@dartmouth.eduantibody injection to disrupt NuMA and HSET function
because data from this (n = 20) and previous work
[5, 15] show that greater than 99% of injected cells fail
to focus spindle poles in mitosis. Surprisingly, a majority
(>90%; n = 33) of Nuf2-deficient cells that enter mitosis
after injection with NuMA and HSET antibodies build
bipolar spindles with focused poles (Figure 1A).
No significant staining of NuMA is observed at spindle
poles in these cells (Figure 2A), verifying that the injected
antibody blocks NuMA targeting as previously demon-
strated [5]. In contrast, the localization of the spindle-
pole protein TPX2 is unchanged in these cells (Figure 2B).
NuMA associates with cytoplasmic dynein to provide the
dominant pole-focusing activity in vertebrate systems
[7–9], and injection of Nuf2-deficient cells with anti-
bodies to NuMA alone also results in bipolar spindles
with focused poles (Figure S1 in the Supplemental Data
available online). However, we inject antibodies to both
NuMA and HSET in the remainder of experiments pre-
sented here because we previously showed that inhibi-
tion of both NuMA and HSET is required to completely
disrupt spindle-pole focusing [15, 16]. These data dem-
onstrate that NuMA and HSET activities are only required
for spindle-pole organization when Nuf2 (and the Ndc80
complex) is present on kinetochores. In Nuf2-deficient
cells, pole focusing is independent of NuMA and HSET.
To test whether kinetochore-microtubule interactions
were altered when NuMA and HSET activities were per-
turbed in Nuf2-deficient mitotic cells, we looked for the
presence of calcium-stable microtubules (Figure S2).
Nuf2-deficient mitotic cells have few calcium-stable mi-
crotubules relative to control cells, and those that are
present are short and stubby (Figure S2A) [12, 13]. Con-
sequently, centromeres in Nuf2-deficient mitotic cells
tumble because they are not restrained by microtubule
attachment (Figure S3B), as shown previously [14]. In
contrast, Nuf2-deficient cells that enter mitosis after in-
jection with NuMA and HSET antibodies contain numer-
ous calcium-stable microtubules that extend the length
of each half spindle (Figure S2A). Some calcium-stable
microtubule bundles appear to terminate at centro-
meres, as judged by the localization of GFP-CENP-B
(Figure S2B). This suggests that these calcium-stable
microtubules represent kinetochore fibers, although
more rigorous methods (i.e., electron microscopy) are
needed to verify this idea. Nevertheless, these data raise
the possibility that force from pole focusing may play a
part in destabilizing kinetochore-microtubule attach-
ments in Nuf2-deficient cells because it has been shown
that Nuf2-deficient cells can establish kinetochore-mi-
crotubule attachments but fail to maintain those attach-
ments [17, 18]. Consistent with the idea of microtubule
attachment, some centromeres in these cells do not
tumble and maintain their orientation as do centromeres
in control cells or cells injected with NuMA and HSET an-
tibodies (Figure S3B). Despite these attachments, chro-
mosomes in Nuf2-deficient cells injected with NuMA and
HSET antibodies moved at only 0.25 6 0.16 mm/min
Kinetochores Influence Pole Organization
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antibody-injected cells, but significantly slower than
chromosome movement in control cells (1.17 6 0.14
mm/min; n = 17) (Figure S3A). Thus, despite bipolar-spin-
dle formation and the appearance of calcium-stable mi-
crotubule bundles in Nuf2-deficient cells injected with
NuMA and HSET antibodies, chromosome movement
is suppressed.
Figure 1. Nuf2-Deficient Cells Assemble Focused Spindle Poles de-
spite Inhibition of the Pole-Focusing Activities of NuMA and HSET
(A) Human U2OS cells were either untreated or transfected with
siRNA specific to the kinetochore protein Nuf2 as described previ-
ously [12, 13] and as indicated (Nuf2 RNAi). Some cells were subse-
quently (48 hr after transfection) injected with antibodies to both
NuMA (10 mg/ml) and HSET (15 mg/ml) by using a Femtojet injector
(Eppendorf) as described previously [15] and as indicated (N/H Ab
Inj). Twelve hours after injection, cells were extracted in microtu-
bule-stabilizing buffer and fixed by using 1% gluteraldehyde as
described previously [15]. Cells were stained with DAPI to visualize
chromosomes and antibodies against Hec1 (Novus Biologicals) and
tubulin (Sigma-Aldrich) as indicated. Images of mitotic cells were ac-
quired with a Hamamatsu Orca ER cooled CCD camera mounted on
an Eclipse TE 2000-E Nikon microscope. Optical sections of 0.25 mm
were collected in the z plane for each channel by using a 603 1.4NA
objective. Iterative restoration was performed with Phylum live soft-
ware (Improvision), and images are presented as full-volume projec-
tions. The scale bar represents 5 mm.
(B) Total cell extracts prepared from untreated cells and cells trans-
fected with Nuf2-specific siRNA were separated by size with SDS-
PAGE and immunoblotted with antibodies specific to Hec1 and actin
(loading control) as indicated.We next examined spindle formation in live cells by
using human U2OS cells expressing GFP-a-tubulin (Fig-
ure S4). Because of the density of nonkinetochore
microtubules in spindles of these cells, we can’t discern
individual kinetochore fibers. Nevertheless, bipolar-
spindle formation after nuclear-envelope breakdown
occurs at similar rates in untreated cells, Nuf2-deficient
cells, and Nuf2-deficient cells injected with NuMA- and
HSET-specific antibodies. Spindles in Nuf2-deficient
cells are long (pole-to-pole) and tend to be flared at
the midzone, giving a biconical appearance as previ-
ously documented [12, 13]. Spindles in Nuf2-deficient
cells injected with NuMA- and HSET-specific antibodies
are also long (pole-to-pole), but display a more typical
fusiform morphology with significant microtubule den-
sity in the midzone, consistent with the presence of
calcium-stable microtubule bundles in these spindles.
Next, we tested whether the NuMA- and HSET-inde-
pendent spindle-pole organization is specific to the
loss of Nuf2 (and the Ndc80 complex) at kinetochores
(Figure 3). We transfected cells with siRNA specific to
hMis12, a kinetochore protein that promotes chromo-
some congression, kinetochore-microtubule attach-
ment, and proper tension between sister kinetochores
[19]. A hMis12 antibody was not available to us to deter-
mine the knockdown efficiency by immunoblot, but
Figure 2. Injection of NuMA and HSET Antibodies Prevents NuMA
Localization to Spindle Poles
Human U2OS cells were either untreated or transfected with siRNA
specific to Nuf2 and injected with NuMA/HSET-inhibitory antibodies
as described in Figure 1, with the exception that they were fixed in
cold methanol without prior extraction. Cells were subsequently
fixed and stained with DAPI to visualize chromosomes and anti-
bodies against tubulin (Sigma-Aldrich) and (A) NuMA or (B) TPX2
as indicated. The scale bar represents 5 mm.
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(A and B) Human U2OS cells were either untreated or transfected with siRNA specific to (A) hMis12 [19], (B) CENP-E, MCAK, Kif2a, or MCAK and
Kif2a as described previously [23]; injected with NuMA/HSET-inhibitory antibodies; fixed; and stained as described in Figure 1. The arrow in
CENP-E RNAi panel identifies a chronically mono-oriented chromosome typical of absence of CENP-E function. The arrow in MCAK RNAi panel
highlights exaggerated astral microtubule density typical of MCAK inhibition. The scale bars represent 5 mm.
(C) Total cell extracts prepared from untreated cells and cells transfected with various siRNAs were separated by size with SDS-PAGE and im-
munoblotted with antibodies specific to CENP-E, Eg5 (loading control), MCAK, Kif2a, and actin (another loading control) as indicated.transfected cells display an increase in mitotic index
and mitotic cells have bipolar spindles with numerous
misaligned chromosomes and diminished Hec1 staining
at kinetochores. These results are identical to thepublished data for cells deficient in hMis12 [19], suggest-
ing that our RNAi treatments reduce hMis12 abundance.
Similar to Nuf2-deficient cells, most (>85%; n = 7)
hMis12-deficient cells assemble bipolar spindles with
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cific antibodies (Figure 3A). Although we can’t rule out
that hMis12-deficiency rescues spindle bipolarity be-
cause of mislocalization of the Ndc80 complex, distinc-
tions between hMis12- and Ndc80-deficient mitotic cells
indicate that they have functional differences [19]. In
contrast, a significant fraction (w90%) of mitotic cells
deficient in other kinetochore proteins including CENP-
E, MCAK, and both MCAK and Kif2a display spindles
with splayed poles after injection of NuMA and HSET an-
tibodies (Figure 3B). Importantly, chromosome velocity
is either unaltered or only slightly reduced in mitotic cells
deficient in these proteins, verifying the capacity of kinet-
ochores to generate force [20–24]. Thus, spindle-pole
focusing is independent of NuMA and HSET activity
only when kinetochores are rendered unable to generate
sustained force on microtubules through deficiency of
Nuf2 or hMis12.
TPX2 localizes to spindles and participates in various
aspects of spindle assembly [25–30]. We hypothesize
that it is responsible for spindle-pole organization in
Nuf2-, NuMA-, and HSET-deficient cells because it lo-
calizes to spindle poles in those cells (Figure 2B) and
has microtubule cross-linking activity [26]. To test this
hypothesis, we depleted cells of both Nuf2 and TPX2
and examined spindle morphology in cells that entered
mitosis after injection with NuMA and HSET antibodies
(Figures 4A and 4B). Mitotic cells deficient in TPX2 focus
microtubule minus ends, but assemble multipolar spin-
dles instead of bipolar spindles (Figure 4A) as previously
demonstrated [25, 28]. Similarly, mitotic cells deficient
in both Nuf2 and TPX2 build multipolar spindles (Fig-
ure 4A). TPX2-deficient cells that enter mitosis in the
presence of NuMA and HSET antibodies have splayed
poles (Figure 4A) similar to those of mitotic cells injected
with antibodies alone (Figure 1A). In contrast to cells de-
ficient in Nuf2 only (Figure 1A), cells that lack both Nuf2
and TPX2 and enter mitosis after injection with NuMA
and HSET antibodies have disorganized spindles with
splayed poles (Figure 4A). Cells deficient in astrin also
form multipolar spindles [31]. However, mitotic cells
deficient in Nuf2 and astrin formed bipolar spindles
with focused spindle poles after injection with NuMA-
and HSET-specific antibodies (Figure S5). These data
demonstrate that TPX2 is responsible for spindle-pole
organization in cells lacking both the kinetochore pro-
tein Nuf2 and the pole-focusing activities of NuMA and
HSET.
Discussion
Experiments performed in both living cells and cell-free
extracts have demonstrated that motors cross-link mi-
crotubules and focus their minus ends at spindle poles
in a centrosome-independent self-organization process
[1–11]. Self-organization of spindle poles is a key step in
spindle morphogenesis; however, most experimental
systems employed to explore this process lack kineto-
chores or significant kinetochore activity [5, 7–10]. Kinet-
ochores exert significant force on spindle microtubules
in somatic cells [32], and we show here that motor-driven
self-organization is needed for spindle-pole organization
when kinetochores actively generate force on spindle
microtubules. When sustained force from kinetochoresis inhibited, spindle poles are organized in a motor-inde-
pendent mechanism that utilizes TPX2 to cross-link
noncentrosomal microtubules to astral microtubules
(Figure 4C).
Figure 4. TPX2 Cross-Linking Is Sufficient to Maintain Focused
Poles in Cells Deficient in Nuf2, NuMA, and HSET Activities
(A) Human U2OS cells were transfected with siRNA specific to TPX2
[23] or TPX2 and Nuf2, injected with NuMA/HSET-inhibitory anti-
bodies, fixed, and stained as described in Figure 1. The scale bar
represents 5 mm.
(B) Total-cell extracts prepared from untreated cells and cells trans-
fected with TPX2- and Nuf2-specific siRNA were separated by size
with SDS-PAGE and immunoblotted with antibodies specific to
TPX2 [28], Hec1, and actin (loading control) as indicated.
(C) Model for how kinetochore activity influences spindle-pole fo-
cusing through motor- and cross-linking-dependent mechanisms.
In untreated cells, kinetochore activity (orange lines) exerts force
on kinetochore microtubules. Minus ends of kinetochore microtu-
bules are focused (small arrow) onto centrosome-associated asters
[4, 47] by the motor activities associated with NuMA/dynein and
HSET (purple triangles), and spindle-pole focus is maintained by
both motor activity and static-cross-linking activity associated
with TPX2 (yellow diamonds). Cells deficient in kinetochore activity
and motor-dependent pole focusing organize spindle poles through
static cross-linking between kinetochore and astral microtubules.
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most likely lies in the mechanical cross-linking of kinet-
ochore and nonkinetochore microtubules at spindle
poles. Kinetochore and nonkinetochore microtubules
experience forces in opposite orientations (i.e., kineto-
chore force and polar ejection force; [32, 33]), and as-
suming those forces are transmitted to spindle poles,
it stands to reason that shearing occurs between kinet-
ochore and nonkinetochore microtubules [34, 35]. Static
cross-links between spindle microtubules provided by
TPX2 are sufficient to establish and maintain pole
organization when shear force is low, but motor-driven
focusing of microtubules by NuMA (with cytoplasmic
dynein) and HSET is necessary when shear force is
high and exceeds a specific threshold. These data un-
derscore the participation of both motor and nonmotor
proteins in spindle assembly, and they suggest that
mechanical criteria distinguish between their respective
roles.
Kinetochores only interact with spindle microtubules
after nuclear-envelope breakdown in somatic cells.
Thus, the requirement for motor-driven self-organization
of microtubules only arises after nuclear-envelope
breakdown. This is consistent with previous data show-
ing bipolar-spindle formation in the absence of chroma-
tin [36–43] and with the fact that essential components of
motor-driven self-organization (i.e., NuMA and HSET)
are sequestered in the nucleus in somatic cells, making
it impossible for them to execute microtubule focusing
prior to nuclear-envelope breakdown. Thus, the early
stage of spindle assembly in somatic cells is dominated
by interactions between mitotic asters, explaining why
the rate of spindle assembly in cells lacking Nuf2,
NuMA, and HSET activities is similar to that in control
cells (Figure S4).
Finally, both kinetochore activity and poleward micro-
tubule flux power chromosome movement in metazoan
cells. Kinetochore activity dominates chromosome
movement in somatic cells [32], and poleward flux dom-
inates in frog egg extracts [44]. Recently, it has been
shown that Eg5 drives poleward microtubule flux in
frog egg extracts [45], and that bipolar spindles with
focused poles form in egg extracts if both Eg5 and cyto-
plasmic dynein are inhibited [46]. Although it has not
been determined whether these poles are focused by
nonmotor cross-linking or XCTK2 motor (frog HSET ho-
molog) activity, those data offer a striking parallel to the
results reported here. Inhibition of the major force-gen-
erating mechanism in spindles in either somatic cells or
frog egg extracts renders pole focusing independent of
the self-organizing activity associated with cytoplasmic
dynein.
Supplemental Data
Supplemental Data include five figures and are available with this
article online at: http://www.current-biology.com/cgi/content/full/
17/3/260/DC1/.
Acknowledgments
We thank Harry Higgs for providing the antibody against actin, Kevin
Sullivan for human U2OS cells expressing GFP-CENP-B, and Tarun
Kapoor for insightful discussions. This work was supported by
National Institutes of Health grant GM51542.Received: August 31, 2006
Revised: October 24, 2006
Accepted: November 24, 2006
Published: February 5, 2007
References
1. Wittman, T., Hyman, A.A., and Desai, A. (1996). The spindle: A
dynamic assembly of microtubules and motors. Nat. Cell Biol.
3, E28–E34.
2. Hyman, A.A., and Karsenti, E. (1996). Morphogenetic properties
of microtubules and mitotic spindle assembly. Cell 84, 401–410.
3. Compton, D.A. (2000). Spindle assembly in animal cells. Annu.
Rev. Biochem. 69, 95–114.
4. Wadsworth, P., and Khodjakov, A. (2004). E pluribus unum: To-
wards a universal mechanism for spindle assembly. Trends Cell
Biol. 14, 413–419.
5. Gaglio, T., Saredi, A., and Compton, D.A. (1995). NuMA is re-
quired for the organization of microtubules into aster-like mitotic
arrays. J. Cell Biol. 131, 693–708.
6. Compton, D.A. (1998). Focusing on spindle poles. J. Cell Sci.
111, 1477–1481.
7. Heald, R., Tournebize, R., Haberman, A., Karsenti, E., and
Hyman, A.A. (1996). Self-organization of microtubule into bipolar
spindles around artificial chromosomes in Xenopus egg ex-
tracts. Nature 382, 420–425.
8. Merdes, A., Ramyar, K., Vechio, J.D., and Cleveland, D.W.
(1996). A complex of NuMA and cytoplasmic dynein is essential
for mitotic spindle assembly. Cell 87, 447–458.
9. Gaglio, T., Saredi, A., Bingham, J.R., Hasbani, M.J., Gill, S.R.,
Schroer, T.A., and Compton, D.A. (1996). Opposing motors
activities are required for the organization of the mammalian
mitotic spindle pole. J. Cell Biol. 135, 399–414.
10. Verde, F., Berrez, J.-M., Antony, C., and Karsenti, E. (1991).
Taxol-induced microtubule asters in mitotic extracts of Xenopus
eggs: Requirement for phosphorylated factors and cytoplasmic
dynein. J. Cell Biol. 112, 1177–1187.
11. Goshima, G., Nedelec, F., and Vale, R.D. (2005). Mechanisms
for focusing mitotic spindle poles by minus end-directed motor
proteins. J. Cell Biol. 171, 229–240.
12. DeLuca, J.G., Moree, B., Hickey, J.M., Kilmartin, J.V., and
Salmon, E.D. (2002). hNuf2 inhibition blocks stable kineto-
chore-microtubule attachment and induces mitotic cell death
in HeLa cells. J. Cell Biol. 159, 549–555.
13. Martin-Lluesma, S., Stucke, V.M., and Nigg, E.A. (2002). Role of
Hec1 in spindle checkpoint signaling and kinetochore recruit-
ment of Mad1/Mad2. Science 297, 2267–2270.
14. DeLuca, J.G., Dong, Y., Hergert, P., Strauss, J., Hickey, J.M.,
Salmon, E.D., and McEwen, B.F. (2005). Hec1 and nuf2 are
core components of the kinetochore outer plate essential for
organizing microtubule attachment sites. Mol. Biol. Cell 16,
519–531.
15. Gordon, M.B., Howard, L., and Compton, D.A. (2001). Chromo-
some movement in mitosis requires microtubule anchorage at
spindle poles. J. Cell Biol. 152, 425–434.
16. Mountain, V., Simerly, C., Howard, L., Ando, A., Schatten, G.,
and Compton, D.A. (1999). The kinesin-related protein, HSET,
opposes the activity of Eg5 and cross-links microtubules in
the mammalian mitotic spindle. J. Cell Biol. 147, 351–365.
17. Cheeseman, I.M., Niessen, S., Anderson, S., Hyndman, F.,
Yates, J.R., Oegema, K., and Desai, A. (2004). A conserved net-
work controls assembly of the outer kinetochore and its ability to
sustain tension. Genes Dev. 18, 2255–2268.
18. Tulu, U.S., Fagerstrom, C., Ferenz, N.P., and Wadsworth, P.
(2006). Molecular requirements for kinetochore-associated mi-
crotubule formation in mammalian cells. Curr. Biol. 16, 536–541.
19. Kline, S.L., Cheeseman, I.C., Hori, T., Fukagawa, T., and Desai,
A. (2006). The human Mis12 complex is required for kinetochore
assembly and proper chromosome segregation. J. Cell Biol.
173, 9–17.
20. Kapoor, T.M., Lampson, M.A., Hergert, P., Cameron, L., Cimini,
D., Salmon, E.D., McEwen, B.F., and Khodjakov, A. (2006). Chro-
mosomes can congress to the metaphase plate before biorien-
tation. Science 311, 388–391.
Kinetochores Influence Pole Organization
26521. Maney, T., Hunter, A.W., Wagenbach, M., and Wordeman, L.
(1998). Mitotic centromere-associated kinesin is important for
anaphase chromosome segregation. J. Cell Biol. 142, 787–801.
22. Kline-Smith, S.L., Khodjakov, A., Hergert, P., and Walczak, C.E.
(2004). Depletion of centromeric MCAK leads to chromosome
congression and segregation defects due to improper kineto-
chore attachments. Mol. Biol. Cell 15, 1146–1159.
23. Ganem, N.J., Upton, K., and Compton, D.A. (2005). Efficient
mitosis in human cells lacking poleward microtubule flux. Curr.
Biol. 15, 1827–1832.
24. Schaar, B.T., Chan, G.K., Maddox, P., Salmon, E.D., and Yen,
T.J. (1997). CENP-E function at kinetochores is essential for
chromosome alignment. J. Cell Biol. 139, 1373–1382.
25. Wittman, T., Wilm, M., Karsenti, E., and Vernos, I. (2000). TPX2,
a novel Xenopus MAP involved in spindle pole organization. J.
Cell Biol. 149, 1405–1418.
26. Schatz, C.A., Santarella, R., Hoenger, A., Karsenti, E., Mattaj,
I.W., Gruss, O.J., and Carazo-Salas, R.E. (2003). Importin a-reg-
ulated nucleation of microtubules by TPX2. EMBO J. 22, 2060–
2070.
27. Gruss, O.J., Wittmann, M., Yokoyama, H., Pepperkok, R., Kufer,
T., Sillje, H., Karsenti, E., Mattaj, I.W., and Vernos, I. (2002). Chro-
mosome-induced microtubule assembly mediated by TPX2 is
required for spindle formation in HeLa cells. Nat. Cell Biol. 4,
871–879.
28. Garrett, S., Auer, K., Compton, D.A., and Kapoor, T.M. (2002).
hTPX2 is required for normal spindle morphology and centro-
some integrity during vertebrate cell division. Curr. Biol. 23,
2055–2059.
29. Ozlu, N., Srayko, M., Kinoshita, K., Habermann, B., O’Toole, E.T.,
Muller-Reichert, T., Schmalz, N., Desai, A., and Hyman, A.A.
(2005). An essential function of the C. elegans ortholog of
TPX2 is to localize activated aurora A kinase to mitotic spindles.
Dev. Cell 9, 237–248.
30. Gruss, O.J., and Vernos, I. (2004). The mechanism of spindle as-
sembly: Functions of Ran and its target TPX2. J. Cell Biol. 166,
949–955.
31. Gruber, J., Harbortth, J., Schnabel, J., Weber, K., and Hatzfeld,
M. (2002). The mitotic-spindle-associated protein astrin is es-
sential for progression through mitosis. J. Cell Sci. 115, 4053–
4059.
32. Gorbsky, G.J., Sammak, P.J., and Borisy, G.G. (1987). Chromo-
somes move poleward in anaphase along stationary microtu-
bules that coordinately disassembly from their kinetochore
ends. J. Cell Biol. 104, 9–18.
33. Rieder, C.L., and Salmon, E.D. (1994). Motile kinetochores and
polar ejection force dictate chromosome position on the verte-
brate mitotic spindle. J. Cell Biol. 124, 223–233.
34. Levesque, A.A., Howard, L., Gordon, M.B., and Compton, D.A.
(2003). A functional relationship between NuMA and Kid is in-
volved in both spindle organization and chromosome alignment
in vertebrate cells. Mol. Biol. Cell 14, 3541–3552.
35. Chakravarty, A., Howard, L., and Compton, D.A. (2004). A mech-
anistic model for the organization of microtubule asters by mo-
tor and non-motor proteins in a mammalian mitotic extract. Mol.
Biol. Cell 15, 2116–2132.
36. Nagano, H., Hirai, S., Okano, K., and Ikegami, S. (1981). Achro-
mosomal cleavage of fertilized starfish eggs in the presence of
aphidicolin. Dev. Biol. 85, 409–415.
37. Picard, A., Harricane, M.C., Labbe, J.C., and Doree, M. (1988).
Germinal vesicle components are not required for the cell-cycle
oscillator of the early starfish embryo. Dev. Biol. 128, 121–128.
38. Piel, M., and Bornens, M. (2001). Centrosome reproduction
in vitro: Mammalian centrosomes in Xenopus lysates. Methods
Cell Biol. 67, 289–304.
39. Faruki, S., Cole, R.W., and Rieder, C.L. (2002). Separating cen-
trosomes interact in the absence of associated chromosomes
during mitosis in cultured vertebrate cells. Cell Motil. Cytoskel-
eton 52, 107–121.
40. Zhang, D., and Nicklas, R.B. (1995). The impact of chromosomes
and centrosomes on spindle assembly as observed in living
cells. J. Cell Biol. 129, 1005–1015.41. Brunet, S., Polanski, Z., Verlhac, M.H., Kubiak, J.Z., and Maro, B.
(1998). Bipolar meiotic spindle formation without chromatin.
Curr. Biol. 8, 1231–1234.
42. Wilde, A., and Zheng, Y. (1999). Stimulation of microtubule aster
formation and spindle assembly by the small GTPase Ran. Sci-
ence 284, 1359–1362.
43. Carazo-Salas, R.E., Guarguaglini, G., Gruss, O.J., Segref, A.,
Karsenti, E., and Mattaj, I.W. (1999). Generation of GTP-bound
Ran by RCC1 is required for chromatin-induced mitotic spindle
formation. Nature 400, 178–181.
44. Desai, A., Maddox, P.S., Mitchison, T.J., and Salmon, E.D.
(1998). Anaphase A chromosome movement and poleward spin-
dle microtubule flux occur at similar rates in Xenopus extract
spindles. J. Cell Biol. 141, 703–713.
45. Miyamoto, D.T., Perlman, Z.E., Burbank, K.S., Groen, A.C., and
Mitchison, T.J. (2004). The kinesin Eg5 drives poleward microtu-
bule flux in Xenopus laevis egg extract spindles. J. Cell Biol. 167,
813–818.
46. Mitchison, T.J., Maddox, P., Gaetz, J., Groen, A., Shirasu, M.,
Desai, A., Salmon, E.D., and Kapoor, T.M. (2005). Roles of poly-
merization dynamics, opposed motors, and a tensile element in
governing the length of Xenopus extract meiotic spindles. Mol.
Biol. Cell 16, 3064–3076.
47. Gaglio, T., Dionne, M.A., and Compton, D.A. (1997). Mitotic
spindle poles are organized by structural and motor proteins
in addition to centrosomes. J. Cell Biol. 13, 1055–1066.
